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(57) ABSTRACT 

A system for determining the nature of a subterranean 
reservoir Whose position and geometry is knoWn from 
previous seismic surveys. An electromagnetic ?eld is 
applied by a transmitter 18 on the seabed 14 and detected by 
antennae also on the seabed. The nature of the detected 
re?ected Waves is used to determine Whether the reservoir 
contains Water or hydrocarbons. 
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METHOD AND APPARATUS FOR DETERMINING 
THE NATURE OF SUBTERRANEAN RESERVOIRS 

RELATED APPLICATION 

[0001] This application is a continuation of Application 
Ser. No. 09/763,446 ?led Jul. 9, 2001, Which claims priority 
to PCT Application No. PCT/GB99/02823 ?led Aug. 26, 
1999 and GB Application No. 98 18875.8 ?led Aug. 28, 
1998. 

[0002] The present invention relates to a method and 
apparatus for determining the nature of subrnarine and 
subterranean reservoirs. More particularly, the invention is 
concerned with determining Whether a reservoir, Whose 
approxirnate geometry and location are knoWn, contains 
hydrocarbons or Water. 

[0003] Currently, the most Widely used techniques for 
geological surveying, particularly in sub-rnarine situations, 
are seisrnic methods. These seisrnic techniques are capable 
of revealing the structure of the subterranean strata With 
some accuracy. HoWever, Whereas a seismic survey can 
reveal the location and shape of a potential reservoir, it 
cannot reveal the nature of the reservoir. 

[0004] The solution therefore is to drill a borehole into the 
reservoir. HoWever, the costs involved in drilling an explo 
ration Well tend to be in the region of £25 In and since the 
success rate is generally about 1 in 10, this tends to be a very 
costly exercise. 

[0005] It is therefore an object of the invention to provide 
a system for determining, With greater certainty, the nature 
of a subterranean reservoir Without the need to sink a 
borehole. 

[0006] According to one aspect of the invention, there is 
provided a method of determining the nature of a subterra 
nean reservoir Whose approxirnate geometry and location 
are knoWn, which comprises: applying a time varying elec 
trornagnetic ?eld to the strata containing the reservoir; 
detecting the electromagnetic Wave ?eld response; and ana 
lyZing the effects on the characteristics of the detected ?eld 
that have been caused by the reservoir, thereby determining 
the content of the reservoir, based on the analysis. 

[0007] According to another aspect of the invention, there 
is provided apparatus for determining the nature of a sub 
terranean reservoir Whose approxirnate geometry and loca 
tion are knoWn comprising: means for applying a time 
varying electrornagnetic ?eld to the strata containing the 
reservoir; means for detecting the electromagnetic Wave 
?eld response, and means for analyZing the effects on the 
detected ?eld that have been caused by the reservoir, thereby 
enabling the content of the reservoir to be determined based 
on the analysis. 

[0008] It has been appreciated by the present applicants 
that While the seismic properties of oil-?lled strata and 
Water-?lled strata do not differ signi?cantly, their electro 
magnetic resistivities/perrnittivities do differ. Thus, by using 
an electromagnetic surveying rnethod, these differences can 
be exploited and the success rate in predicting the nature of 
a reservoir can be increased signi?cantly. This represents 
potentially an enormous cost saving. 

[0009] The technique is applicable in exploring land 
based subterranean reservoirs but is especially applicable to 

Jul. 1, 2004 

subrnarine, in particular sub-sea, subterranean reservoirs. 
Preferably the ?eld is applied using one or more stationary 
transrnitters located on the earth’s surface, and the detection 
is carried out by one or more stationary receivers located on 
the earth’s surface. In a preferred application, the transrnit 
ter(s) and/or receivers are located on or close to the seabed 
or the bed of some other area of Water. Conveniently, there 
Will be a single transmitter and an array of receivers, the 
transrnitter(s) and receivers being dipole antennae or coils, 
though other forms of transrnitter/receivers can be used. 
Also, if irnproved directionality of the emitted ?eld is 
desirable, then a plurality of transmitters With phase adjust 
rnent can be used. 

[0010] Electrornagnetic surveying techniques in them 
selves are knoWn. HoWever, they are not Widely used in 
practice. In general, the reservoirs of interest are about 1 km 
or more beloW the sea bed. In order to carry out electro 
magnetic surveying in these conditions, With any reasonable 
degree of resolution, short Wavelengths are necessary. 
Unfortunately, such short Wavelengths suffer from very high 
attenuation. Long Wavelengths do not provide adequate 
resolution. For these reasons, seisrnic techniques are pre 
ferred. 

[0011] HoWever, While longer Wavelengths applied by 
electrornagnetic techniques cannot provide suf?cient infor 
rnation to provide an accurate indication of the boundaries of 
the various strata, if the geological structure is already 
knoWn, they can be used to determine the nature of a 
particular identi?ed forrnation, if the possibilities for the 
nature of that forrnation have signi?cantly differing electro 
magnetic characteristics. The resolution is not particularly 
important and so longer Wavelengths Which do not suffer 
from excessive attenuation can be employed. 

[0012] The resistivity of sea Water is about 0.3 ohrn-rn and 
that of the overburden beneath the sea bed Would typically 
be from 0.3 to 4 ohrn-rn, for example about 2 ohrn-rn. 
HoWever, the resistivity of an oil reservoir is likely to be 
about 50 ohrn-rn. This large difference can be exploited 
using the techniques of the present invention. Typically, the 
resistivity of a hydrocarbon-bearing forrnation Will be 20 to 
400 times greater than Water-bearing forrnation. 

[0013] Due to the different electrornagnetic properties of a 
gas/oil bearing formation and a Water bearing forrnation, one 
can expect a re?ection of the transmitted ?eld at the bound 
ary of a gas/oil bearing formation. However, the similarity 
betWeen the properties of the overburden and a reservoir 
containing Water means that no re?ection is likely to occur. 

[0014] The transmitted ?eld may be pulsed, hoWever, a 
coherent continuous Wave With stepped frequencies is pre 
ferred. It may be transmitted for a signi?cant period of time, 
during Which the transmitter should preferably be stationary, 
and the transmission stable. Thus, the ?eld may be trans 
rnitted for a period of time from 30 seconds to 60 minutes, 
preferably from 3 to 30 minutes, for example about 20 
minutes. Preferably, the receivers are arranged to detect a 
direct Wave and a Wave re?ected from the reservoir, and the 
analysis includes extracting phase and amplitude data of the 
re?ected wave from corresponding data from the direct 
Wave. 

[0015] The direct Wave, Which progresses via the sea 
Water and the surface layers of the overburden, Will reach the 
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receivers ?rst and Will be much stronger than the later 
re?ected Waves. In an alternative system, therefore, the 
direct Wave may be suppressed, using known techniques. 
This means that the receivers used Will not require such a 
large dynamic range. 

[0016] Preferably, the Wavelength of the transmission is 
given by the formula 

[0017] Where 7» is the Wavelength of the transmission 
through the overburden and s is the distance from the seabed 
to the reservoir. More preferably 7» is from about 05s to 2s. 
This may be achieved by adopting a transmission frequency 
from 0.1 HZ to 1 kHZ, preferably from 1 to 50 HZ, for 
eXample 20 HZ. 

[0018] In a preferred regime, a ?rst transmission is made 
at a ?rst frequency and received by each receiver in a tuned 
array of receivers, then a second transmission is made at a 
second frequency and received by the same tuned array of 
receivers, the receivers being tuned to receive their respec 
tive transmission. This Would probably be repeated several 
more times, though it may only be carried out once. 

[0019] Preferably, the analysis includes comparing the 
results of the measurements taken With the results of a 
mathematical simulation model based on the knoWn prop 
erties of the reservoir and overburden conditions. 

[0020] Preferably, the distance betWeen the transmitter 
and a receiver is given by the formula 

[0021] Where 7» is the Wavelength of the transmission 
through the overburden and L is the distance betWeen the 
transmitter and the ?rst receiver. 

[0022] Given that the distance s and the geometry of the 
reservoir Will be knoWn from previous seismic surveys, an 
optimum 7» and L Would be selected. 

[0023] Where dipole antennae are used these may be 
?Xed, hoWever, they are preferably adapted antennae Which 
can be tuned for optimum transmission and reception in 
dependence upon the frequency of the transmission and its 
Wavelength through the overburden. This may be achieved 
by altering their effective length either by remote controlled 
relays or by electronic sWitching systems. In addition, the 
driving circuit may be tuned in order to increase the band 
Width. 

[0024] Preferably, the analyZing means is arranged to 
analyZe phase and amplitude. 

[0025] If a location of interest is considered, a mathemati 
cal modeling operation may be carried out. Thus, the various 
relevant parameters, such as depth and eXpected resistivities 
of the various knoWn strata in the overburden are applied to 
the mathematical model and the eXpected results are calcu 
lated in dependence upon Whether a formation under con 
sideration is oil-bearing or Water-bearing. The theoretically 
predicted results can then be compared With the actual 
results achieved in the ?eld in order to determine the nature 
of the formation. 

[0026] The present invention also eXtends to a method of 
surveying subterranean measures Which comprises; per 
forming a seismic survey to determine the geological struc 
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ture of a region; and Where that survey reveals the presence 
of a subterranean reservoir, subsequently performing a 
method as described above. 

[0027] The invention may be carried into practice in 
various Ways and some embodiments Will noW be described 
by Way of eXample With reference to the accompanying 
draWings, in Which: 

[0028] FIG. 1 is a schematic section of a system in 
accordance With the invention. 

[0029] FIG. 1 shoWs a section through a region Which has 
already been the subject of a seismic survey. 

[0030] The geological structure is knoWn and consists of 
several strata Which form an overburden 11 above a reser 
voir layer 12 and underlying strata 13. The top of the 
overburden is a seabed 14 above Which is, of course, sea 
Water 15. 

[0031] In order to determine Whether or not the reservoir 
layer 12 is hydrocarbon-bearing, an electromagnetic survey 
ing technique is carried out. Avessel 16 lays a cable 17 on 
the seabed 14. The cable 17 includes an electromagnetic 
transmitter 18 and several receivers in the form of dipole 
antennae, three of Which 21, 22, 23 are shoWn. 

[0032] The thickness s of the overburden 11 is knoWn to 
be 1000 m. The depth of the Water is about 800 m, though 
this is of no particular signi?cance. Under these circum 
stances, the distance 1 betWeen the transmitter 18 and the 
middle antenna 22 is arranged to be 2000 m, i.e. 2s. The 
distance betWeen adjacent antennae is about 100 m. In all, 
the length of the cable 17 is likely be about 4000 m. 

[0033] When the cable 17 is in position on the seabed 14, 
the transmitter 18 is activated and transmits an electromag 
netic ?eld in the form of a Wave. The transmission frequency 
is in the range of about 1 to 30 HZ and the speci?c value is 
selected to produce a Wavelength 7» in the overburden Which 
is approximately equal to s, that is to say, 7»E1000 m. The 
transmitter 18 is tuned for optimum transmission and the 
antennae 21-23 are tuned to receive transmissions at 7»=1000 
m. The antennae 21-23 receive a direct Wave 24 from the 
transmitter and also respective re?ected Waves 25, 26, 27 
Which are re?ected by the reservoir layer 12 if the layer 12 
is hydrocarbon-bearing. The received direct Wave 24 and 
received re?ected Waves 25-27 are analyZed and compared 
With for eXample the results of forWard modeling calcula 
tions based on the seismics and typical overburden electrical 
characteristics and from the results, a judgment can be made 
as to the nature of the layer 12. 

[0034] Typically, a frequency of 20 HZ might be selected 
initially. This Would result in a Wavelength of 400 m in the 
sea Water and a Wavelength of about 1000 m in the over 
burden. The Wavelength in the layer 12, if hydrocarbon 
bearing Would be about 5000 m. Under these circumstances, 
the attenuation Would be: 

Direct Wave 

Antenna loss —40 dB 
Propagation loss —110 dB 
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-continued 

Re?ected Wave 

Antenna loss —40 dB 
Propagation loss —150 dB 
Re?ection loss —20 dB 

[0035] The demanded dynamic range of the receiver sys 
tem Will then be 210 dB-150 dB=60 dB. By appropriate 
suppression of the direct Wave, this demand Will decrease 
dramatically and the resolution of the re?ected signal Will 
possibly be increased. 

[0036] The transmission Would be carried out for several 
minutes at a continuous poWer level of perhaps 10 kW. 

[0037] This procedure is then repeated at a different fre 
quency. This Would result in different Wavelengths and 
possibly consequent re-tuning of the antennae system. At a 
frequency of for example 5 HZ, the Wavelength in sea Water 
Would be 800 m and the Wavelength in the overburden, 
about 2000 m. The Wavelength in the layer 12, if hydrocar 
bon-bearing, Would be 10 km. The attenuation Would be: 

Direct Wave 

Antenna loss —40 dB 
Propagation loss —55 dB 
Re?ected Wave 

Antenna loss —40 dB 
Propagation loss —75 dB 
Re?ection loss —30 dB 

[0038] The demand for dynamic range of receiver system 
is noW 145 dB-95 dB=50 dB. 

[0039] In a preferred regime, the frequency Would be 
increased stepwise over a range, for example 5 to 20 HZ. 

[0040] The entire procedure can then be repeated in dif 
ferent locations and at different orientations. It Will also be 
appreciated that by repeating the procedure after a period of 
production, the change in condition of a reservoir can be 
determined. This can be of value in assessing the positions 
in a particular ?eld Where hydrocarbons might still be 
present, and Where the Well might be depleted. 

1. A method of determining the nature of a submarine or 
subterranean reservoir having an electromagnetic character 
istic and Whose approximate geometry and location are 
knoWn, Which comprises: 

applying a time varying electromagnetic ?eld to the strata 
containing the reservoir; detecting the electromagnetic 
Wave ?eld response; and analysing the effects on the 
characteristics of the detected ?eld that have been 
caused by the reservoir, thereby determining the con 
tent of the reservoir, based on the analysis, Wherein the 
analysis comprises comparing the electromagnetic 
characteristic theoretically predicted for the reservoir 
based on the approximate geometry of the reservoir and 
based on the reservoir being a Water-bearing reservoir 
to the electromagnetic characteristic for the reservoir 
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that is determined from the detected electromagnetic 
Wave ?eld response of the reservoir. 

2. The method as claimed in claim 1, Wherein the ?eld is 
applied using at least one stationary transmitter located on 
the earth’s surface. 

3. The method as claimed in claim 2, Wherein the at least 
one transmitter is located proximate a bed of a body of Water. 

4. The method as claimed in claim 1, Wherein the detec 
tion is carried out by at least one stationary receiver located 
on the earth’s surface. 

5. The method as claimed in claim 4, Wherein the at least 
one receiver is located proximate a bed of a body of Water. 

6. The method as claimed in claim 1, Wherein the applied 
time varying electromagnetic ?eld is in the form of a Wave. 

7. The method as claimed in claim 1, Wherein the ?eld is 
transmitted for a period of time of from 30 seconds to 60 
minutes. 

8. The method as claimed in claim 1, Wherein the ?eld is 
transmitted for a period of time of from 3 minutes to 30 
minutes. 

9. The method as claimed in claim 4, in Which the 
receivers are arranged to detect a direct Wave and a Wave 

re?ected from the reservoir, and the analysis includes 
extracting phase and amplitude data of the re?ected Wave 
from corresponding data from the direct Wave. 

10. The method as claimed in claim 6, Wherein the 
Wavelength of the transmitted Wave is given by the formula 

0.1521 2105; 

Where 1 is the Wavelength of the transmission through an 
overburden overlying a reservoir and s is the distance 
from a seabed to the reservoir. 

11. The method as claimed in claim 1, Wherein the 
transmission frequency of the time varying electromagnetic 
?eld is from 0.1 HZ to 1 kHZ. 

12. The method as claimed in claim 11, Wherein the 
transmission frequency of the time varying electromagnetic 
?eld is from 1 to 50 HZ. 

13. The method as claimed in claim 1, Wherein the 
analysis includes comparing the results of measurements 
taken With results of a mathematical simulation model based 
on knoWn properties of the reservoir and conditions of an 
overburden. 

14. The method as claimed in claim 6, including sup 
pressing a direct Wave, thereby reducing the required 
dynamic range of receivers receiving a re?ected Wave and 
increasing resolution of the re?ected Wave. 

15. The method of claim 1 including as preliminary steps; 
performing a seismic survey to determine the geological 
structure of a region and analysing the survey to reveal the 
presence of a subterranean reservoir. 

16. The method of claim 1 Wherein the electromagnetic 
characteristic theoretically predicted for the reservoir is a 
member of the group consisting of resistivity and permit 
tivity. 

17. The method of claim 1 Wherein the geometry of the 
reservoir includes a depth from a seabed to the reservoir. 

18. Apparatus for determining the nature of a subterra 
nean reservoir having a content, the approximate geometry 
and location of the subterranean reservoir being knoWn, 
comprising: 

means for applying a time varying electromagnetic ?eld 
to the strata containing the reservoir; means for detect 
ing the electromagnetic Wave ?eld response; and 
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means for analysing the effects on the detected ?eld that 
have been caused by the reservoir, thereby enabling the 
content of the reservoir to be determined based on the 
analysis, Wherein the analysis comprises comparing the 
electromagnetic characteristic theoretically predicted 
for the reservoir based on the approximate geometry of 
the reservoir and based on the reservoir being a Water 
bearing reservoir to the electromagnetic characteristic 
for the reservoir that is determined from the detected 
electromagnetic Wave ?eld response of the reservoir. 

19. Apparatus as claimed in claim 18, Wherein the means 
for applying the ?eld comprises at least one transmitter and 
the means for detecting the ?eld comprises an array of 
receivers. 
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20. Apparatus as claimed in claim 19, in Which the 
transmitter and receivers comprise dipole antennae or coils. 

21. Apparatus as claimed in claim 19, Wherein a plurality 
of transmitters are employed. 

22. Apparatus as claimed in claim 18, in Which the 
analysing means is arranged to analyse phase and amplitude. 

23. The method of claim 18 Wherein the electromagnetic 
characteristic theoretically predicted for the reservoir is 
predicted for the depth and is a member of the group 
consisting of resistivity and permittivity. 


